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exercise; hypoxia; oxygenation; tumor; vasoconstriction CANCER CELLS ARE CONSIDERED to acquire a defect in the circuits that govern normal cell homeostasis, thereby promoting the progressive transformation of normal cells into malignant derivatives (17) . Thus, cancer is a disease involving temporal dynamic changes in vascularization and proliferative traits, resulting in the alteration of a normal physiological environment into a tumor microenvironment (17, 44) . A compilation of available data suggests that the lack of responsiveness of neoplasms is influenced by physiological factors (e.g., tumor hypoxia) created, in part, by inadequate vascular networks that impact tumor blood flow, oxygen and nutrient supply, metabolic state, and pH distribution (17, 58) . Hypoxia is a common feature of prostate cancer and has been demonstrated in tumors using a variety of measurements, including microelectrodes, hypoxic markers, and hypoxia-associated molecules (4, 35, 59) . Within prostate tumors, hypoxia is associated with local recurrence, as well as early biochemical relapse after traditional therapeutic interventions (36) . Given that prostate cancer is the second leading cause of cancer-related death in the United States, with an estimated ϳ240,000 cases that will be diagnosed in 2013 (42), interventions that can combat tumor hypoxia are of high clinical relevance.
Regular physical exercise lowers the morbidity and mortality of many disease states and is commonly prescribed as an integral component of cancer patient care strategies to combat secondary complications from treatment, such as fatigue (2, 14) . Despite prescription of exercise to both cancer patients and survivors, the effect of aerobic exercise training on prostate tumor oxygenation is largely unknown. For example, the elegant studies of Jones et al. (23) have demonstrated an upregulation of hypoxia-inducible factor 1␣ after exercise training in murine orthotopic prostate tumors, suggesting exercise may exacerbate tumor hypoxia, although no direct measures of tumor oxygenation were performed. Given tumor hypoxia has been indicated as an independent predictor for disease progression (45) , it is crucial to understand whether exercise training can influence tumor oxygenation. Recently, we have demonstrated that during an acute bout of exercise, blood flow within the orthotopic prostate tumors of rats increases ϳ200% when transitioning from rest to the steady state of exercise (32) . In healthy tissues, changes in blood flow in response to exercise are dictated by changes in vascular resistance that redistribute cardiac output to tissues based on metabolic requirements (40) . The increase in tumor blood flow during acute exercise (32) suggests an inability of the tumor vasculature to vasoconstrict and increase vascular resistance, which may result in a physiological opportunity to use exercise as a means to enhance tumor blood flow and oxygenation. What is unknown is how chronic training affects prostate tumor vascular function, as well as tumor oxygenation.
In tissues exhibiting impaired vascular function (i.e., spinotrapezius muscle with old age), exercise training increases the basal levels of microvascular oxygenation (31) [even though this muscle is not recruited during exercise (41) ]. An elevation in microvascular PO 2 would facilitate blood-to-tissue O 2 flux under conditions of reduced intracellular PO 2 , such as those observed in contracting muscle (46) or within prostate tumors (59) . In this regard, if a similar adaptation occurs within the microvasculature of the tumor after training, there may be a reduction in tumor hypoxia that could be of high clinical relevance. Therefore, the purpose of this investigation was to test the hypotheses that chronic endurance training will 1) improve tumor microvascular oxygenation and 2) diminish tumor hypoxia compared with sedentary counterparts. On the basis of the findings of an improved tumor oxygenation after training from those studies, we investigated two potential mechanisms that could contribute to changes in tumor oxygenation after exercise training, including 1) patent vessels (i.e., vessels that support flow) within the tumor in the conscious, resting condition, and 2) tumor resistance artery contractile function in vitro. With respect to the latter, there is a diminished pharmacological vasoconstriction in tumors (5), which may affect blood flow distribution within a tumor [vs. dysfunctional vasodilatory capacity (54) that may limit whole tumor perfusion]. On the basis of previous findings that exercise training upregulates contractile properties of resistance arteries in nonactive tissue during exercise (29), we also hypothesized that exercise training would enhance contractile responsiveness, and improve hemodynamic control, of the tumor vasculature. The results from these studies are important in determining the effect of exercise training on tumor oxygenation and potential mechanisms that may contribute to changes in tumor hypoxia.
METHODS

Animals
All procedures were approved by the Institutional Animal Care and Use Committee at the University of Florida and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Research Council, Washington, DC., rev. 1995). Two groups of male rats were used in the current study. In the first set of studies (i.e., microvascular PO 2 and vasomotor function) Copenhagen rats (n ϭ 20, COP/CrCrl; Charles River, Wilmington, MA) were investigated at ϳ5 mo of age. Subsequently, because of an unexpected lack of availability of Copenhagen rats, the second set of studies (i.e., tumor hypoxia and patent vessels) were performed in National Institutes of Health (NIH) Nude rats (n ϭ 12; NTac:NIHWhn; National Cancer Institute, Frederick, MD) at ϳ6 mo of age. The parental tumor from which the cell line is derived is the original Dunning R-3327 (11) . Rats were housed at 23°C, maintained on a 12:12-h light-dark cycle and provided rat chow and water ad libitum.
Orthotopic Model of Prostate Cancer
The Dunning R3327-AT-1 (AT-1) rat prostate adenocarcinoma cell line (ECACC; Sigma Aldrich, St. Louis, MO) was utilized in this study for both groups of rats. This cell line is a well-established model of prostate cancer (25) with a low metastatic potential, fast growth rate, and characteristics similar to progressive human prostate cancers (21) . AT-1 cells were cultured in RPMI 1640 medium (supplemented with 2 mM glutamine, 250 nM dexamethasone, 10% FBS, and 1% penicillin/streptomyocin; Sigma Aldrich) and maintained in a humidified incubator at 5% CO 2. At ϳ80 -90% confluence, viable cells were counted, and a tumor cell stock solution was prepared with physiological saline solution (PSS) and separated into aliquots of 0.1 ml containing ϳ10
4 AT-1 cells each. Under anesthesia (isoflurane; 2%/O2 balance), the bladder and prostate complex was exposed and isolated through a small abdominal incision (Ͻ2 cm) lateral to the midline of the abdomen. Using sterile insulin syringes (26 G), we injected 0.1 ml of cell stock solution (or 0.1 ml of PSS for vehicle control rats) into the ventral lobe of the prostate. Following the injection, closure of the abdominal wall (3-0, polyglycolic acid coated; DemeTECH, Miami Lakes, FL) and overlying skin/fascia (3-0 nylon monofilament; DemeTECH) incisions were performed. All procedures were performed under aseptic conditions. Postoperative monitoring of the animals was performed daily until animals were placed in either sedentary or exercise-trained groups ϳ7-10 days postinjection.
Exercise Training Protocol
Animals were randomly assigned to a tumor-bearing sedentary (TB-Sedentary, Copenhagen: n ϭ 6; Nude: n ϭ 6) group, tumorbearing endurance-trained (TB-Ex Trained, Copenhagen: n ϭ 9; Nude, n ϭ 6) group, or a vehicle control (Control, Copenhagen: n ϭ 5). Within each strain of rats, all animals were studied at the same time point after injection of the tumor cells or vehicle. Endurancetrained animals performed treadmill running 5 days/wk for 60 min/ day at 15 m/min (15°incline), for 7 wk in the Copenhagen rats, and 5 wk in the Nude rats. The time frame of exercise training was reduced in the Nude rats by 2 wk to ensure tumor mass did not approach institutional size limits within the rat. Specifically, the first studies were performed in the Copenhagen rats with the cells implanted for a total of ϳ10 wk (7-10 days postsurgery recovery, ϩ 1 wk acclimation, ϩ 7 wk training or cage confinement), which resulted in tumors approaching, but not exceeding, institutional size limits. The subsequent studies in the Nude rats were shortened by 2 wk to avoid the potential of tumor size constraints. The intensity of exercise corresponds to an intensity of ϳ60% of maximal aerobic capacity (i.e., low-to-moderate exercise intensity domain) for animals of similar age and weight (39) . We chose a low-intensity exercise vs. a more energetically demanding intensity as 1) this intensity is well tolerated by the animals, and 2) high-intensity exercise has been suggested to enhance tumor metastases (7) . Experimental protocols were performed on trained rats 48 h following the last bout of training to avoid any existent postexercise hemodynamic effects and ensure a true resting condition.
Experimental Protocol
Study I. tumor microvascular PO 2. Phosphorescence quenching was used to measure prostatic tumor microvascular PO2 in TB-Sedentary (n ϭ 6) and TB-Ex Trained (n ϭ 9) Copenhagen rats. Specifically, 48 h after the last bout of exercise, rats were anesthetized with pentobarbital sodium (40 mg/kg ip, supplemented as needed), and the right carotid artery was isolated. The artery was cannulated with a fluidfilled catheter (PE-50) to monitor arterial blood pressure and heart rate for the duration of the experiment (Digi-Med BPA model 200). This fluid-filled catheter was used for the administration of additional anesthesia and for the infusion of the phosphorescent probe. Rectal temperature was monitored and maintained at 37-38°C with a heating pad. The prostatic tumor was exposed and a PMOD 5000 Frequency Domain Phosphorimeter probe (Oxygen Enterprises, Philadelphia, PA) was positioned ϳ2 mm above the surface of the medial region of the tumor. A light guide contained within the probe focuses excitation light (635 nm) on the medial region of the exposed tumor tissue (ϳ2.0-mm diameter) with penetration depths up to 4,000 m (22) with the phosphorescence probe G2, which was used to measure tumor microvascular PO 2 vs. G3, which measures tumor interstitial PO2 (63) . After the probe was positioned, G2 (3.0 mg/kg; Oxygen Enterprises, Philadelphia, PA) was injected into the circulation, and measurements were immediately initiated. Once the signal was acquired and stabilized (Ͻ30 s after the injection of G2), measurements were collected for 1 min to ensure that the signal originated from the microvasculature (vs. longer times that may result in extravasation of the probe) and to calculate an average PO 2. Probe accumulation in the interstitial space would result in an increase in signal amplitude over time if the O2 pressure is stable (Wilson DF, personal communication); however, there were no changes in PO2 values nor signal amplitude during the short time frame utilized (Ͻ1.5 min total), thus PO 2 values reflect those within the vasculature of the tumor vs. the interstitial space. The PMOD 5000 uses a sinusoidal modulation of the excitation light (635 nm) at frequencies between 100 Hz and 20 kHz, which allows phosphorescence lifetime measurements from 10 s to ϳ2.5 ms. In the single-frequency mode, 10 scans (100 ms) were used to acquire the resultant lifetime of the phosphorescence (800 nm) and repeated every 2 s (for review, see Ref. 60) . The phosphorescence lifetime was obtained computationally on the basis of the decomposition of data vectors to a linearly independent set of exponentials (61) .
PO 2 calculations. The Stern-Volmer relationship allows the calculation of PO 2 from a measured phosphorescence lifetime using the following equation (47):
, where kQ is the quenching constant (mmHg/s), and t o and t are the phosphorescence lifetimes in the absence of O 2 and at the ambient O2 pressure, respectively. For G2, in in vitro conditions similar to those found in the blood, k Q is 273 mmHg/s, and t o is 251 s (30). G2 is tightly bound to albumin in the plasma and is negatively charged. These properties, in combination with the measurement period occurring immediately with the injection of G2 into the circulation, ensure that the PO 2 measurements emanate from the plasma within the microvasculature rather than the surrounding tumorous tissue. Moreover, PO 2 represents the O2 pressure head for diffusive blood-tissue O2 movement. The phosphorescence lifetime is insensitive to probe concentration, excitation light intensity, and absorbance by other chromophores in the tissue (47) . The effects of pH and temperature are negligible within the normal physiological range, which was maintained herein (30) . Upon completion of the experiment, each rat was euthanized with an overdose of anesthesia (pentobarbital sodium, Ͼ100 mg/kg ia), and a thoracotomy was performed to verify cardiac arrest.
Study II. Tumor hypoxia and patent vessels. Localized tumor hypoxia and patent vessels were determined in male Nude rats (TB-Sedentary: n ϭ 6 and TB-Ex Trained: n ϭ 6). The animals were anesthetized with isoflurane (2%/O2 balance), and a catheter (Braintree Scientific; inner diameter 0.36 mm; outer diameter 0.84 mm) filled with heparinized saline solution (Elkins-Sinn, 100 U/ml) was implanted in the caudal tail artery and externalized. The catheter was used for infusion of hypoxic markers and stains.
Tumor hypoxia and patent vessels were assessed in conscious, resting animals 48 h after the last bout of exercise or in time-matched sedentary animals. Tumor hypoxia was assessed by immunohistochemical identification of the pentafluorinated nitroimidazole derivative EF5, designed and provided by Dr. C. J. Koch (University of Pennsylvania, Philadelphia, PA) (27) . A 10-mM solution was prepared by dissolving EF5 in 0.9% saline and was administered intraperitoneally at 30 mg/kg, 1 h prior to death. Vessels actively perfused (i.e., patent vessels) were identified using Hoechst-33342 (Invitrogen, Life Technologies, Grand Island, New York), which provides optimal visualization of tumor vasculature by staining cells immediately adjacent to perfused blood vessels (55) and is an established technique for determining functional tumor vasculature (50) . Hoechst-33342 was dissolved in dH2O and administered 1 min prior to death via the caudal artery at a dose of 40 mg/kg. Animals were euthanized with pentobarbital sodium (Ͼ100 mg/kg ia), and tumors were excised, weighed, coated with OCT compound (Sakura Finetek, Torrance, CA), submerged in isopentane, and frozen in liquid nitrogen. The excised tissue was cut into 10-m sections, obtained from three different depths between the periphery, and the equatorial plane, and placed on poly-L-lysine-coated glass slides for staining and imaging.
Image acquisition and immunohistochemistry. Sections were imaged with a fluorescent microscope (Zeiss AXIO Observer A1, Oberkochen, Germany) equipped with a 100 W mercury short-arc lamp, 6ϫ HD illumination, excitation light source (X-Cite Series 120-Q; Lumen Dynamics, Mississauga, Ontario, Canada), and mounted with an AxioCam ERc5s camera (Zeiss) connected to a Dell OptiPlex 3010. Images were acquired through a Zeiss neofluar 5ϫ objective and captured and digitized using ZEN 2011 software (Zeiss).
Immediately after sectioning, slides were imaged for Hoechst-33342 (420-nm barrier filter) prior to EF5 staining (ϫ10 magnification). Quantification of Hoechst-33342-stained vessels was determined using the Chalkley-point array for random sample analysis (18) , and perfused vessels were identified by the surrounding halo of the fluorescent Hoechst-33342-labeled cells, as previously described (48, 49) . A 25-point Chalkley grid was positioned randomly over a field of view, and the number of points falling within the fluorescent halo was scored as positive (48, 49) . The mean vessel density was determined from 30 random fields across a minimum of 10 sections per tumor.
Slides were then fixed in acetone (5 min) and allowed to air dry. Sections were blocked overnight with 5% goat serum in PBS containing 0.3% Tween-20 (ttPBS). Slides were rinsed with PBS and stained with the Cy-3-conjugated monoclonal antibody ELK-351 (specific EF5 adduct, 75 mg/ml) for 6 h. Sections were rinsed twice with PBS and ttPBS and stored in 1% paraformaldehyde until image acquisition [Rhodamine-(FITC) excitation filter].
To determine the area of EF5-bound, section-by-section images were analyzed using public domain NIH Image software (ImageJ, developed at the U.S. National Institutes of Health and available at http://rsb.info.nih.gov/ij) (64) . Briefly, images were converted to a binary format, and pixels with a higher intensity than the threshold were treated as an area with positive uptake of EF5. Regional hypoxia was quantified by dividing the EF5-bound area by the total viable tissue area.
Study III. isolated microvessel preparation. In the Copenhagen rats from study I, vasoconstrictor responsiveness resistance arteries of the prostate from the healthy vehicle control group (Control; n ϭ 5) and prostatic tumor of the tumor-bearing group (TB-Sedentary: n ϭ 6; TB-Ex Trained: n ϭ 6) were investigated in vitro using the isolated microvessel technique. Immediately after PO 2 measurements, the prostate tumor tissue was carefully excised and placed in cold (4°C) PSS containing the following (mM): 145.0 NaCl, 4.7 KCl, 2.0 CaCl2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, 3.0 MOPS buffer, and 1 g/100 ml BSA at pH 7.4. Resistance arteries [ϳ150 to 200 m intraluminal diameter, which provide a substantial portion of vascular resistance; (6) ] from the prostatic tumor (defined as the first branch of the prostatic feed artery perforating the tumor) were isolated with the aid of a dissecting microscope (Olympus SVH12), cleared of surrounding tissue, and placed in Lucite chambers containing MOPS-buffered PSS equilibrated to room air. For vehicle control animals, the bladder-prostate complex was removed and placed in cold PSS, as described above. The bladder was reflected, and resistance arteries (similar in diameter as above), perforating the glandular tissue of the anterior-lateral portion of the ventral lobe of the prostate, were isolated and dissected. The arteries were cannulated on both ends to glass micropipettes and secured with ophthalmic nylon suture (Alcon 11-0). After cannulation, the chambers were transferred to the stage of an inverted microscope (Olympus IX70), equipped with a video camera (Panasonic BP310) and video caliper (Colorado Video) for recording luminal diameter. Intraluminal pressure was set at 90 cmH2O with two independent hydrostatic pressure reservoirs; this intraluminal pressure is equivalent to that measured in vivo in vessels of similar size (24, 33) . Leaks were detected by pressurizing the vessel and determining whether vessel diameter was maintained. Vessels that exhibited leaks were discarded. Vessels free of leaks were warmed to 37°C and allowed to develop spontaneous tone during a 60-min equilibration period.
To evaluate vasoconstrictor responsiveness, two series of experiments were performed within the same animal. One artery was exposed to 1) cumulative additions of the ␣-adrenoreceptor agonists norepinephrine (NE: 10 Ϫ9 to 10 Ϫ4 M) and phenylephrine (PE: 10
Ϫ9
to 10 Ϫ4 M), or 2) myogenic response to increases in intraluminal pressure from 0 to 135 cmH2O in 15-cmH2O increments (37) . All pressure changes occurred in the absence of intraluminal flow. Diameter was continuously recorded for 5 min at each dose of NE, PE, or change in pressure. The passive pressure-diameter relation was then determined after the vessels were incubated at 37°C for 60 min in Ca 2ϩ -free PSS containing 100 M SNP. The same protocol, as described for the active myogenic response, was used to determine passive vessel characteristics. Intraluminal diameter was measured in response to agonists and expressed as a percentage of vasoconstrictor response, according to the following: vasoconstriction (% maximal response) ϭ (D b Ϫ Ds)/Db·100, where Ds is the steady-state inner diameter recorded after addition of agonist, Db is the initial baseline inner diameter before the first addition of a pharmacological agonist, and Dm is the maximal intraluminal diameter obtained in Ca 2ϩ -free PSS. Spontaneous tone was expressed as a percentage of maximal diameter as follows: Spontaneous tone (%) ϭ (Dmax Ϫ Db)/Dmax·100.
Comparison of data as a percentage of the maximal response normalizes for potential differences in maximal diameter or spontaneous tone among vessels. There are no data, to our knowledge, regarding spontaneous tone in tumor vessels in vitro. To be able to analyze differences in constrictor responsiveness, a minimum of 10% steady tone (unchanging for at least 15 min) was required prior to the addition of pharmacological or pressure stimuli in all vessels.
Active myogenic responses after sequential intraluminal pressure changes were normalized according to the following formula: normalized diameter ϭ (ID SS/ID90), where IDSS is the steady-state diameter measured after each step-wise change in intraluminal pressure, and ID90 is the diameter measured at 90 cmH2O during the passive pressure response, which reflects the maximal diameter for vessels, in which active and passive pressure-responses were determined. Diameter is normalized to account for possible differences in vessel size between groups.
Muscle Oxidative Capacity
The mitochondrial enzyme and marker of muscle oxidative potential, citrate synthase, was measured in duplicate from soleus muscle homogenates, according to the method of Srere (51) to determine the efficacy of the training protocol in both strains. Citrate synthase activity was measured spectrophotometrically using a Spectramax M5 microplate (Molecular Devices, Sunnyvale, CA) in 300-l aliquots at 30°C. Citrate synthase activity is expressed as micromoles per minute per gram wet weight.
Data Analysis
One-way ANOVA was used to determine differences in body mass, tissue mass, perfused vessel density, mean PO 2, PO2 variance, regions of hypoxia between groups and soleus muscle citrate synthase activity. A two-way ANOVA was used to compare group differences in dose-response and pressure-diameter curves. All values are presented as means Ϯ SE. P Յ 0.05 was required for significance.
RESULTS
Animal and Tissue Characteristics
Left ventricular weight-to-body weight ratio was significantly greater in both Copenhagen and Nude TB-Ex Trained rats, compared with their sedentary counterparts ( Table 1) . Soleus muscle citrate synthase activity was significantly greater in both trained groups compared with sedentary counterparts, validating the efficacy of the exercise training protocol (Table 1 ). There were no differences in tumor weights after exercise training in the Copenhagen rats, whereas there was a increase in tumor weight after exercise training in Nude rats compared with sedentary animals (Table 1 ). There were no significant differences in vessel maximal diameter, spontaneous tone, or wall thickness between groups. However, TB-Ex Trained Copenhagen rats showed a trend (P ϭ 0.07) for a reduced maximal diameter vs. the other two groups (Table 1) .
Tumor Microvascular PO 2
Representative tumor microvascular PO 2 profiles over time for sedentary and exercise-trained groups are illustrated in Fig. 1A . There was considerably more variance around the mean in tumor microvascular PO 2 values across the measurement period in the sedentary (2.1 Ϯ 0.3 mmHg) compared with that from the exercise-trained animals (0.25 Ϯ 0.09 mmHg; P Յ 0.05) (Fig. 1A) . The average microvascular PO 2 in the prostate tumor of the sedentary rats was similar to the average PO 2 
Hypoxia and Patent Tumor Blood Vessels
Representative images of bound EF5 (red) and perfused vessels as indicated by Hoechst 33342 (blue) in a prostate tumor from TB-Sedentary and TB-Ex Trained rats are shown in Fig. 2, A and B, respectively. Following endurance training, the average spatial distribution of hypoxia, as demonstrated by the presence of bound EF5, in TB-Sedentary and TB-Ex Trained rats is illustrated in Fig. 2C . The fraction of EF5-bound cells decreased significantly in the TB-Ex Trained (4 Ϯ 1%) compared with TB-Sedentary (39 Ϯ 12%, P Յ 0.05; Fig. 2C ) rats, demonstrating a reduction in tumor hypoxia after endurance training in the conscious resting condition. However, the average number of patent vessels per field (minimum of 30 random fields per tumor) in the prostatic tumor did not differ in the TB-Ex Trained compared with that measured in the TBSedentary animals (10 Ϯ 1 vs. 11 Ϯ 1 vessels per field, respectively; Fig. 2D ).
Tumor Resistance Vessel Contractile Responsiveness
In response to the ␣-adrenoreceptor agonists norepinephrine and phenylephrine, there was a concentration-dependent vasoconstriction in the control prostate and tumor resistance arteries (TB-Sedentary and TB-Ex Trained) (Fig. 3, A and B) . However, the maximal constriction to NE dose was significantly diminished in the TB-Sedentary and TB-Ex Trained arteries vs. that from the healthy prostate (Fig. 3A) . The maximal constriction elicited by PE was severely blunted in tumor-bearing vessels (TB-Sedentary; 38 Ϯ 18%, TB-Ex Trained; 29 Ϯ 13%) compared with control arteries (79 Ϯ 1%; P Յ 0.05, Fig. 3B ). There was no difference between tumor artery responsiveness to norepinephrine or phenylephrine. Arteries from both vehicle control and tumor-bearing animals displayed an active myogenic constriction (Fig. 4A) . Control prostate arteries demonstrated a significantly reduced intraluminal diameter at 0 cmH 2 O (P Յ 0.05) and a trend for reduced diameter at 135 cmH 2 O (P ϭ 0.08) compared with the tumor arteries (Fig. 4A) . In the absence of extracellular calcium, there was no difference in the passive diameter between groups (Fig. 4B ). Acute myogenic tone (i.e., the ability to constrict with elevations in intraluminal pressure) was not significantly different between groups except at the highest intraluminal pressure (i.e., 135 cmH 2 O) at which control prostate arteries developed significantly more tone than the exercise-trained arteries (P Յ 0.05) and a trend for greater tone development compared with the sedentary tumor vessels (P ϭ 0.10) (Fig. 4C) .
DISCUSSION
The purpose of this present study was to determine the effects of chronic endurance training on orthotopic prostate tumor oxygenation. To our knowledge, this is the first study to demonstrate directly that exercise training increases tumor microvascular oxygenation and significantly reduces tumor hypoxia. On the basis of these changes in tumor oxygenation, we investigated two potential contributing mechanisms, including the number of perfused vessels in the tumor in the conscious resting condition, and vasoconstrictor responsiveness of isolated tumor resistance arteries. Contrary to our hypothesis, improvements in tumor oxygenation occurred without any observable change in patent vessel density, although intravascular hemodynamics (e.g., red blood cell flux through the vessel) could not be determined and may contribute to the enhanced oxygenation. Furthermore, there were no changes in the contractile responsiveness of the tumor vasculature to the constrictor stimuli tested in this study. Despite the increase in oxygenation, our results do not suggest any substantial effect of exercise on tumor growth in the orthotopic model, as only one group had a small increase in tumor size after training, whereas the group that was trained 2 wk longer had no difference in tumor weight (Table 1) . Indeed, several studies have investigated the effects of different types of exercise on tumor progression with conflicting results (12, 23, 65) , likely because of differences in animals, exercise modality, and/or implantation site. Whether the change in tumor oxygenation observed herein influenced the phenotype of the tumor (e.g., aggressiveness) remains to be determined. However, findings from several studies support a direct link between metastatic disease and hypoxia (for review, see Ref. 20) and, considering the large reduction in tumor hypoxia (Figs. 1B  and 2C) , a shift to a less aggressive phenotype is likely after training. Collectively, these data are important to elucidate potential alternative mechanisms to combat tumor hypoxia (e.g., with aerobic exercise training).
Tumor Hypoxia and Oxygenation
There is substantial evidence for the prevalence of hypoxic regions within the solid tumor due to limitations in perfusion (acute) and diffusion (chronic) capacity associated with the chaotic vasculature (57) . The maximum diffusion distance for oxygen into the tissue from a capillary bed is limited to ϳ100 -200 m, according to the model developed originally for skeletal muscle by August Krogh in 1922 (28) , and later applied to tumors by Thomlinson and Gray (52) . Their observations were that the distance between perfused vessels and the perimeter of necrotic tissue was at a relatively constant distance of 100 -150 m, suggesting necrosis is due to a lack of diffusive oxygen (52) . Furthermore, the tumor microenvironment readily promotes hypoxia, which is of particular prevalence in advanced disease and is indicative of a more clinically aggressive tumor phenotype (34) defined by genetic instability (15) , increased metastatic potential (3), and poor patient prognosis (19) . Therefore, approaches designed to alleviate tumor hypoxia are of high clinical benefit.
In the current study, the average microvascular PO 2 in the tumors of sedentary animals averaged ϳ6 mmHg (Fig. 1B) , which would mandate a lower intratumoral PO 2 for a diffusion gradient of O 2 to exist and would lead to severe hypoxia as demonstrated in Fig. 2A . Further, the large oscillations in temporal profile of microvascular PO 2 and low values achieved (ϳ3 mmHg; for example, see Fig. 1A ) in the tumor of the sedentary animals would likely create conditions of intermittent hypoxia, which would enhance reactive oxygen species generation (10) that is associated with tumorigenesis (8) . However, after exercise training, there was an increase in the average tumor microvascular PO 2 (Fig. 1B) , as well as a stabilization of the temporal profile of microvascular PO 2 (Fig.  1A) , suggesting an improved ability to temporally regulate O 2 delivery-to-demand after training. Furthermore, there was a substantial attenuation in tumor hypoxia after exercise training (Fig. 2C) , as determined under conscious, resting conditions. Interestingly, this reduction in tumor hypoxia occurred in the absence of any increase in patent vessels after training (that would suggest a more homogeneous perfusion), which is opposite of what is observed in the mouse model (23) , albeit different training stimuli were used. This was surprising as we hypothesized training would increase the perfused vessels and this would, in turn, contribute to an enhanced microvascular PO 2 . The reasons for this discrepancy (i.e., increased oxygenation despite no difference in functional vessels) is unknown, but potential mechanisms may include 1) a greater blood flow through functional vessels, 2) an increase in vessel number in hypoxic regions that may be masked in the analysis of whole tissue number, or 3) an increase in capillary tube hematocrit (i.e., red blood cell volume fraction) after exercise training. Importantly, microcirculatory hemodynamics work in concert with capillary PO 2 to facilitate O 2 flux. Whereas the capillaryto-tissue PO 2 gradient largely determines O 2 flux, the diffusion characteristics of the tissue (DO 2 ) also facilitate O 2 transfer (62). These diffusion characteristics are determined, in part, by the number of red blood cells adjacent to the surrounding tissue [i.e., primarily determined by capillary tube hematocrit (26) ] at a given time (13, 16) . Although it is apparent that there are patent vessels near the hypoxic regions in the tumor in the Sedentary group ( Fig. 2A) , the intravascular hemodynamics (e.g., red blood cell flux, velocity, etc.) cannot be determined by the Hoechst staining procedure. Therefore, an increase in capillary tube hematocrit in a tumor vessel after exercise training would facilitate O 2 transfer and may contribute to the reduced tumor hypoxia, although intravital microscopic methods are needed to determine such hemodynamic measures.
Tumor Arterial Contractile Responses
On the basis of an earlier finding that exercise can enhance vasoconstrictor properties of resistance vasculature in tissue that is not recruited (i.e., normally does not increase blood flow during exercise) (31), we hypothesized that exercise training would enhance the contractile responses in the tumor resistance vasculature. Contrarily, we did not observe any improvements in adrenergic or myogenic responsiveness of tumor resistance arteries following endurance training (Figs. 3 and 4) . This may also be due to the relative lack of smooth muscle (for review, see Ref. 58 ) and innervation (1) of the tumor vasculature. However, it should be noted that only ␣-adrenergic and myogenic contractile responsiveness was investigated in this study, and the lack of change with these constrictors may not be generalized to other constrictors. Given tumor vessels display a diminished ability to produce endothelium-derived relaxing factor (54), it is possible that exercise affected vasodilator capacity in the tumor arteries. For example, systemic resistance artery vasodilation (38) , including endothelial-function and nitric oxide production (53) , is improved after exercise training. Whether exercise training has any effect on vasodilator capacity or vascular integrity in the tumor vasculature remains to be determined, but these factors are also largely effected by vascular shear stress (43) , which would be expected to increase with the elevation in tumor blood flow during exercise (32) .
Limitations
In the current study two different strains of rats were used, i.e., Copenhagen and Nude rats, due to the relative unavailability of the former to complete the studies. However, complete data sets were collected in each group of rats for a given experiment (i.e., no combined data from different rat strains). Furthermore, the results in the Copenhagen rats (i.e., enhanced tumor microvascular PO 2 ) after exercise training are similar to that observed in the Nude rats after exercise training (i.e., reduced tumor hypoxia), suggesting a preserved effect of training on tumor oxygenation in both strains. Indeed, studies have used the Copenhagen and Nude rat concurrently as comparable strains to produce locally advanced orthotopic prostate cancer models (e.g., Ref. 56) .
The tumor sizes were also significantly greater in the Copenhagen vs. Nude rats possibly due, in part, to the additional 2 wk of training the Copenhagen rats received. Specifically, the Copenhagen rats were exercise-trained for 7 wk to ensure the animals demonstrated an "exercise phenotype" (e.g., increased skeletal muscle oxidative capacity), and the tumor mass from those rats were larger than expected, although no effect on urination or mobility was evident. Despite the tumors in the Copenhagen rats being large, the PO 2 values observed (Fig. 1B) were identical to the PO 2 values of prostate tumors in a variety of models (ϳ6 mmHg; Ref. 59 ). To avoid any potential institutional or physical constraints on tumor size and ensure the tumor sizes were biologically relevant, the exercise training period was reduced to 5 wk in the Nude rats. Despite the shorter exercise training period, there was a significant increase in soleus muscle oxidative capacity, required to confirm the efficacy of the training protocol, in the exercise-trained rats (Table 1) .
Given the Nude rats were larger and the tumors smaller at the time of death vs. the Copenhagen rats, there exists the possibility that local hemodynamics were altered between strains due to the differences in tumor load. However, the outcomes (with respect to oxygenation) were remarkably similar between strains after exercise training. Furthermore, the oxidative capacity of the soleus muscle between strains and within a condition (i.e., sedentary or trained) were almost identical as well, suggesting a similar metabolic response to exercise training between strains.
Conclusions
To our knowledge, this is the first study to demonstrate a reduction in hypoxia in a solid orthotopic tumor in a preclinical prostate cancer model after aerobic exercise training. The large increase in microvascular PO 2 would increase the driving force for diffusion of O 2 into the tumor and provides a putative mechanism for the enhanced tumor oxygenation. In contrast to our hypothesis, there were no significant changes in patent vessels in the tumor, albeit hemodynamic profiles (e.g., red blood cell velocity or flux) within the vessels could not be measured, which could affect transcapillary O 2 flux. Furthermore, in contrast to previous findings of enhanced arterial contractile function in nonrecruited tissue after training (9) , there were no changes in tumor contractile function after exercise training to the constrictors tested in this study. The reason for this discrepancy is unknown but may be related to the lack of innervation in tumor vessels (1) . Clinically, these results suggest exercise-training strategies offer hope to improve tumor oxygenation and potentially mitigate the aggressive tumor phenotypes associated with hypoxic microenvironments (20) , although future studies are needed to determine how exercise training may affect this phenotype (e.g., apoptosis of tumor cells). Given the responses to exercise training are complex and are influenced by age and health status, the results from the orthotopic prostate model may not be generalized to other solid or nonsolid tumors, which warrants further investigations.
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